We find extraordinary behavior of the local two-terminal spin accumulation signals in ferromagnet (FM)/semiconductor (SC) lateral spin-valve devices. With respect to the bias voltage applied between two FM/SC Schottky tunnel contacts, the local spin-accumulation signal can show nonmonotonic variations, including a sign inversion. A part of the nonmonotonic features can be understood qualitatively by considering the rapid reduction in the spin polarization of the FM/SC interfaces with increasing bias voltage. In addition to the sign inversion of the FM/SC interface spin polarization, the influence of the spin-drift effect in the SC layer and the nonlinear electrical spin conversion at a biased FM/SC contact are discussed.
I. INTRODUCTION
The detection of a pure spin current, i.e., the flow of spin angular momentum without a charge current, with spin-precession signals in semiconductors (SCs) has been reported through the measurement of nonlocal voltages [1, 2] in four-terminal lateral spin-valve (LSV) devices with SCs, such as GaAs [3] [4] [5] , InGaAs [6] , GaN [7] , Si [8] [9] [10] [11] , Ge [12] [13] [14] [15] , and SiGe [16] . Nonlocal measurements [1, 2] are important to demonstrate reliable spin transport and to investigate spin relaxation phenomena in SCs [10, 13, 14, 17, 18] . On the other hand, the transport of spin-polarized charge currents flowing between two ferromagnets (FMs) through SCs also needs to be understood for SC spintronic applications [19] [20] [21] [22] [23] [24] . To date, there have several reports on the electrical detection of the transport of spin-polarized charge carriers using local two-terminal spin-transport measurements in FM-SC-FM structures [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . However, because only a few local spin signals have been discussed by a simultaneous comparison with nonlocal spin transport signals in SC-based LSV devices, some of the physics relevant to the magnitude of the local two-terminal spin signals is unclear [28-30, 33, 35-37] .
According to one-dimensional spin diffusion models [38] [39] [40] , the magnitude of the local spin signal is twice as large as that of the nonlocal spin signal. For all metallic LSV devices, most of the local spin signals can be explained theoretically by conventional models [39] [40] [41] . On the other hand, the correlation between local and nonlocal spin signals is not straightforward in SC-based LSV devices [28, 30, 32, 33] . Sasaki et al. [28] and Bruski et al. [30] showed that the magnitude of local spin signals is relatively large (4 ∼ 10 times) compared to the theoretical values in Si-and GaAs-based LSV devices. They consider that this is due to an enhancement of the spin transport length of the SC layers at finite bias voltages [28, 30, 32] . Yu et al. suggested, based on a theoretical study, the presence of a spin-drift effect in the nondegen-erate SC layers in FM-SC hybrid systems [42] . However, because the previous studies on Si [28, 32] used strongly degenerate SC layers and FM/MgO/SC tunnel contacts with non-Ohmic electrical properties, the effect of the bias voltage on the local spin signals remains an open question. At least, the influence of the FM/SC interfaces on the detection of the local spin signals should be discussed in FM-SC hybrid systems.
Here, we experimentally study the magnitude of the local spin-accumulation signals as a function of the bias voltages applied between the two ferromagnetic contacts in FM-SC LSV devices. The LSV devices studied consist of a spin injector and detector with relatively low resistance area products (RA) and degenerate Ge as a spin transport layer [13, 14] , where Ge is an important semiconductor material in the field of spin-related photonics [43, 44] and quantum computing [45] applications. We find nonmonotonic variations, including sign inversion, of the local spin-accumulation signals with respect to the bias voltage applied between the two FM/SC contacts. A possible mechanism and other important aspects for understanding the local spin-accumulation signals are discussed.
II. EXPERIMENTAL
To explore the local spin signals in FM-SC hybrid systems, we have prepared LSV devices with an n-type Ge spin-transport channel and two ferromagnetic contacts, as shown in Fig. 1(a) . First, an undoped Ge(111) layer (∼28 nm) (LT-Ge) was grown at 350 • C on a commercial undoped Si(111) substrate (ρ ∼ 1000 Ωcm), followed by an undoped Ge(111) layer (∼70 nm) grown at 700 • C (HT-Ge), where we utilized the two-step growth technique by molecular beam epitaxy (MBE) [46] . Next, a 70nm-or 140-nm-thick phosphorus (P)-doped n + -Ge(111) layer (doping concentration ∼ 10 19 cm −3 ) was grown on top by MBE at 350 • C, as the spin transport layer. The room-temperature carrier concentration of the spin transport layer is 8.2 × 10 18 cm −3 , estimated from Hall effect measurements [13, 14, 18] . To promote tunneling conduction at the FM/Ge interfaces, a P δ-doped Ge layer with an ultra-thin Si layer was grown on top of the n + -Ge layer [47] . We have so far developed Schottky-tunnel contacts with a δ-doping layer near the FM/SC interfaces [48, 49] . As a spin injector and detector, we grew Co 2 FeAl x Si 1−x (CFAS) layers [14] , which is a highly spinpolarized Heusler alloy [23, 50, 51] , on top by nonstoichiometric growth techniques with Knudsen cells by MBE [14, 52, 53] . Although atomically smooth heterointerfaces between CFAS and Ge were confirmed, the slight outdiffusion of Ge atoms into the CFAS layer was observed near the CFAS/Ge interface region (∼3 nm) by the high angle annular dark field (HAADF) scanning transmission electron microscopy (STEM) imaging and energy dispersive X-ray spectroscopy (EDS) [54, 55] . Like in our previous works [13, 14] , the FM/n + -Ge contacts enabled Schottky tunnel conduction of electrons for electrical spin injection and detection.
Finally, the grown layers were patterned into contacts with a width of 0.4 µm (FM1) or 1.0 µm (FM2). The detailed fabrication processes of the LSV devices are presented in Fig. S1 in the Supplemental Material [56] . Device A has a channel width (w) of 5.0 µm and a center-to-center distance (L) between the FM contacts of 2.7 µm. A top view of the actual device is shown in Fig. 1(b) . Device B has w = 7.0 µm and L = 1.10 µm (not shown here). As a reference device, we also fabricated device C, annealed at 300 • C, with a size the same as that of device B. For devices A, B, and C, the thickness of the spin transport SC layer is 70 nm. To observe room-temperature signals, we fabricated device D with the same CFAS contacts, w = 7.0 µm, and L ∼ 1.0 µm. For device D, the thickness of the spin transport SC layer is 140 nm. As depicted in Fig. 1 (a), local and nonlocal voltage measurements were carried out in twoand four-terminal schemes, respectively, in the same device [1, 2, [38] [39] [40] [41] . In the two-terminal scheme, spin polarized electrons are injected and extracted beneath the FM/SC contacts, leading to nonequilibrium spin accumulation in the SC layer. barrier. For the contacts in device A, RA ∼ 200 Ωµm 2 , which is of the same order as in our previous works [14] . The observed hysteretic nature clearly depends on the parallel and anti-parallel magnetization states between FM1 and FM2, as depicted in the arrows in Fig. 1(c) . In the nonlocal measurements under an out-of-plane magnetic field (B z ), we also observed spin-precession signals (Hanle-effect curves), indicating reliable pure spin current transport in the SC layer, as also shown in our previous works [13, 14, 18] . Using the same device (device A), we measured the local spin signal [∆R L = ∆V L /I = (V ↑↓ L −V ↑↑ L )/I] by applying B y under the same conditions (I = −0.5 mA at 8 K), as shown in Fig. 1(d) . Clear positive ∆R L changes with hysteretic behavior are observed when B y exceeds ±16 mT, meaning that a positive |∆R L | implies conventional spin-dependent transport of electrons through the SC layer. Here, a small negative ∆R L due to the anisotropic magnetoresistance (AMR) effect in the larger FM electrode (FM2) can be seen within ±16 mT. Although this feature cannot be observed in some cases, these AMR signals are proof of the formation of antiparallel states once B y exceeds ±16 mT. To verify the reliability, we also plotted minor-loop data, measured under the same conditions, shown as a blue dashed curve. The evident minor-loop means that the observed positive ∆R L changes in Fig. 1(d) can be attributed to the spindependent transport of electrons through the SC layer. This is proof of the presence of nonequilibrium spin accumulation in the SC layer in FM-SC-FM LSV devices.
In addition, we obtained Hanle-effect curves even in the local measurements by applying B z , which is similar to those in the previous works [28, 57] . As we focus on the magnitude of the local spin signal |∆R L | and of the nonlocal spin signal |∆R NL |, the ratio |∆R L |/|∆R NL | is ∼2.7, which is slightly different from the value interpreted in the one-dimensional spin diffusion models [39, 40] . It should be noted that the |∆R L |/|∆R NL | value is relatively small compared to those in LSV devices with Si [28, 33] and GaAs [30] .
B. Bias voltage effect on spin accumulation
Figure 2(a) shows ∆V L versus B y for device A for various I values applied between the two FM contacts at 8 K. Interestingly, we can clearly see a sign inversion of ∆V L even for the same I polarity, indicating that the spin accumulation does not depend linearly on I. To verify this extraordinary behavior, we summarize the detected ∆V L values as a function of I in Fig. 2 (b). For both device A and device B, sine-curve like shapes and sign inversion of ∆V L for the same I polarity can be seen, resulting in a nonmonotonic variation in ∆V L . This behavior has not previously been observed in local two-terminal measurements of FM/SC LSV devices.
In the standard theory based on the one-dimensional spin drift-diffusion model in FM1/SC/FM2 systems including double tunnel barriers [58] [59] [60] , ∆V L increases with increasing magnitude of I, and the sign of ∆V L is associated with the polarity of I as follows:
where γ 1 and γ 2 are the spin polarizations of the FM1/SC and FM2/SC interfaces, r * b indicates the RA value for the FM/SC interfaces, and λ N , r N and S are the spin diffusion length, the spin resistance, and the cross section area of the SC layer, respectively. If γ 1 and γ 2 are constant and the spin-dependent transport of electrons through The amplitude for device B is larger than that for device A because the L value in device B is smaller than that in device A. (c) V bias dependence of ∆VL at 8 K for devices A (closed circles) and B (closed squares).
the FM1/SC/FM2 structure stems from the spin accumulation in the SC layer including FM/SC interfaces, the sign of ∆V L in Eq. (1) should depend on the polarity of I. However, the tendency observed in Fig. 2 (b) cannot be explained in terms of the change in the polarity of I. This implies that the data in Fig. 2(b) include the sign inversion of γ 1 and γ 2 with increasing magnitude of I. Sign inversion of the FM/SC interface spin polarization has been presented for some nonlocal LSV systems, such as FM-GaAs-FM [3, [61] [62] [63] . In these reports, it has been argued that the sign inversion of the interface spin polarization occurs due to a change of the bias voltage (V bias ) applied between the two FM contacts [61] [62] [63] . Thus, to reconsider the behavior in 
C. Nonlinear effect and spin-drift effect on spin accumulation
As described in Sec. III A, the ratio |∆R L |/|∆R NL | is ∼2.7, slightly deviates from the value interpreted in the one-dimensional spin diffusion models [39, 40] . Recently, Jansen el al. quantitatively clarified that the nonlocal spin accumulation signals in FM-SC-FM LSV devices with tunnel barriers are generally derived from the signals at the spin-detector contacts because a large change in the spin-detection efficiency occurs at biased FM/SC spin-detector contacts [64] . Even in local two-terminal or three-terminal measurements, the nonlinear electrical spin conversion at a biased FM/SC spin-detector contact should be considered, as discussed in previous works [64] [65] [66] [67] [68] .
To investigate the influence of the nonlinear spin detection efficiency at a biased FM/SC spin-detector contact, we made nonlocal three-terminal measurements [32, 64] . As schematically illustrated in Fig. 3(a) , the output voltage change, ∆V 1 or ∆V 2 , of the nonlocal three-terminal measurements indicates spin accumulation underneath the FM1 or FM2 contact, respectively, under the application of V bias between the FM1 and FM2 contacts. If we use a negative V bias , V bias < 0, the electron spins can be injected from the FM1 contact and extracted from FM2. When we apply a very low V bias of − 3.23 mV (I = − 0.01 mA), a local spin accumulation voltage of ∆V L ∼ 0.66 µV can be obtained, as shown in the left figure of Fig. 3(b) . Under this condition, nonlocal three-terminal measurements reveal that both ∆V 1 and ∆V 2 are ∼ 0.33 µV, which is half the magnitude of ∆V L . This feature is different from previous reports that include a large nonlinear effect due to the MgO tunnel barrier [32, 64] and FM/GaAs Schottky tunnel barriers [66, 68] . We can verify that the local spin accumulation signal at V bias = −3.23 mV is produced by both the FM1 and FM2 contacts, which can be interpreted within a framework of the standard theory [39, 40] . In short, even a linear response can appear for a very low V bias . With increasing V bias , on the other hand, the correlation between ∆V L and ∆V 1 (or ∆V 2 ) is markedly varied. When V bias = −228 mV (I = − 1.0 mA) was applied, the total spin accumulation signal detected by the local two-terminal measurement derives mostly from the spin accumulation at the FM2 contact, as shown in Fig. 3(c) . This feature is similar to those in previous works [32, 64] . Therefore, the linear and nonlinear effects on the local spin accumulation signals coexist in our FM-SC-FM LSV devices.
In addition, the influence of the spin-drift effect on the magnitude of ∆V L should be considered [32, 42] . For device B at 8 K, for example, a critical electric field of the spin-drift effect, E crit = ǫ drift /eλ N , where ǫ drift is an energy scale given by eD/µ e [42, 64] , can be roughly estimated to be approximately 110 kV/m, larger than V bias = ± 0.55 V. Thus, we speculate that the spin-drift effect induced by the electric-field applied to the SC channel layers, discussed in Ref. [28, 30] , can be ignored for |V bias | < 0.55 V. The magnitude of ∆V L did not depend linearly on V bias even in the |V bias | < 0.55 V region of Fig. 2(c) . Hence we should consider other origins to understand the nonmonotonic variation in ∆V L .
D. Estimation of the interface spin polarization
Even though we take into account the nonlinear electrical spin conversion effect at a biased FM contact and the spin-drift effect [64] , the sign inversion of the spin accumulation signals shown in Fig. 2 could not be explained. As described in Sec. III B, the sign inversion of the FM/SC interface spin polarization by a change in V bias should be considered [61] [62] [63] . In general, the value of V bias shown in Fig. 2(c) is related to the interface voltages, V int1 and V int2 , applied to the FM1/SC and FM2/SC interfaces, respectively, in addition to the voltage (V SC ) applied to the SC channel layer in FM1-SC-FM2 LSV devices. First, we roughly regard V bias as
we can take the value of V int1 (> 0) in a spin extraction condition of the FM1/SC contact and that of V int2 (< 0) in a spin injection condition of the FM2/SC contact.
To evaluate the spin polarizations of the FM1/SC and FM2/SC interfaces, we focus again on the nonlocal fourterminal spin accumulation voltages (∆V NL ) in the same devices. Figure 4 (a) shows plots of ∆V NL versus V int1 and V int2 for devices A and B, where two kinds of ∆V NL can be obtained by exchanging between the spin injector and detector for each device, and V int1 or V int2 stands for the bias voltage applied to the FM1/SC or FM2/SC interfaces, respectively, detected by the three-terminal current-voltage measurements, as shown in the inset figures. For V int1 , V int2 < 0, i.e., spin-injection conditions of electrons from FM to SC, the positive ∆V NL values increase with increasing |V int1 | or |V int2 |, although those are slightly suppressed only in the high |V int | regime. On the other hand, for V int1 , V int2 > 0 (spin extraction condition), the enhancement of the negative ∆V NL values is markedly suppressed, and ∆V NL approaches zero at around V int1 , V int2 = + 0.3 V. These asymmetric features with respect to V int1 , V int2 = 0 lead to the strong nonmonotonicity. A similar nonmonotonicity in the nonlocal spin accumulation signals has already been observed in FM-GaAs-FM LSV devices [61, 62] , and the origin of the asymmetry in ∆V NL versus the bias voltage applied to the FM/SC interface in Ref. [61, 62] was discussed based on the change in the injection/detection efficiencies at the FM/SC contacts.
If we regard the spin polarizations created from the spin injector and spin detector contacts as P inj and P det , the correlation among ∆V NL , P inj , and P det can be ex- pressed as follows [1] [2] [3] :
where ρ N is the resistivity (17.4 Ωµm) of the SC layer. The values of S for devices A and B are 0.35 µm 2 and 0.49 µm 2 , respectively. For our SC spin transport layer, the value of λ N has already been clarified to be 0.56 µm at 8 K [69] . If the FM1/SC contact is used as a spin injector in the nonlocal voltage measurements, P inj can change with increasing V int1 . On the other hand, the spin polarization of the non-biased contact (FM2/SC), P det , can be regarded as being constant. Only under very low V int1 or V int2 conditions can we roughly consider that the assumption |P inj | = |P det | is valid, leading to the values P det = 0.25 and 0.11 for devices A and B, respectively. Employing these P det values and the above parameters, we can determine the value of P inj for various I inj , which can be converted to V int1 or V int2 . The plots of the determined P inj versus V int1 or V int2 for the FM1/SC and FM2/SC contacts, respectively, in devices A and B are presented in Fig. 4(b) . With increasing |V int1 | or |V int2 |, P inj decreases, similar to the case of magnetic tunnel junctions [70, 71] . The decrease in P inj for V int1 , V int2 > 0 (spin extraction condition) is slightly larger than that for V int1 , V int2 < 0 (spin injection condition), leading to the asymmetrical bias dependence of P inj . Because the current-voltage characteristics of the FM/SC Schottkytunnel contacts used have a small asymmetry with respect to V int1 , V int2 = 0, as shown in Fig. 4(c) , the asymmetrical bias dependence of P inj is regarded as a consequence of the asymmetric structure of the energy barrier in the FM/SC Schottky-tunnel contacts. For finite V int1 and V int2 , the electronic band structure of FM materials [70, 72, 73] or interfacial states [61] [62] [63] can also affect the spin polarization of electrons through the FM/SC interface. As shown in previous works [61, 62, 72] , the sign inversion of P inj created by the FM1/SC and FM2/SC contacts can be observed at V int1 , V int2 ∼ + 0.3 V.
E. Qualitative reproduction of nonmonotonic behavior
Tentatively regarding the above P inj values separately estimated for FM1/SC and FM2/SC contacts as γ 1 and γ 2 of the FM1/SC and FM2/SC interfaces in Eq. (1), we can also discuss the local spin accumulation voltage ∆V L in FM1-SC-FM2 LSV devices. Here, r N (= ρ N × λ N ) = 9.74 Ωµm 2 in our LSV devices and the r * b values vary within the range of 70 Ωµm 2 ≤ r * b ≤ 470 Ωµm 2 in the local two-terminal measurement conditions. From Eq.
(1) under this condition, we can roughly consider the following relation, ∆V L ∝ γ 1 γ 2 I.
When we assume that V bias > 0 (< 0) consists of V int1 for spin extraction (spin injection) and V int2 for spin injection (spin extraction), we can plot γ 1 γ 2 versus (V int1 − V int2 ), as shown in Figs. 5(a) and 5(b), for device A and device B, respectively. For both devices, γ 1 γ 2 rapidly decreases for |V int1 − V int2 | < 0.15 V. For |V int1 − V int2 | > 0.15 V, on the other hand, the decrease in γ 1 γ 2 is slow. Using the γ 1 γ 2 data in Figs. 5(a) and 5(b), we can estimate γ 1 γ 2 I, where I is determined from the data in Fig. 4(c) . For example, when V int1 (extraction) for the FM1/SC contact and V int2 (injection) for the FM2/SC contact are +0.11 V and −0.033 V, respectively, the value of I flowing in the FM1-SC-FM2 structure is estimated to be +0.5 mA from the data in Fig. 4(c) . As a result, we can assign γ 1 and γ 2 to 0.024 and 0.095, respectively, resulting in γ 1 γ 2 I ∼ 0.00114. In Figs. 5(c) and 5(d), the normalized values of γ 1 γ 2 I versus (V int1 − V int2 ) are plotted for device A and device B, respectively. These figures clearly show the nonmonotonic variations with respect to the bias voltage. This means that the feature in Fig. 2(c) is related to the intrinsic bias-dependent γ 1 γ 2 , as shown in Figs. 5(a) and 5(b), in our LSV devices. Since (V int1 − V int2 ) in Fig. 5 deviates from V bias in Fig. 2(c) , the influence of V SC on V bias should also be addressed. Considering the size and resistivity of the SC channel layers in device A and device B [74] , we determined that V SC is roughly from 0 to ± 0.5 V and from 0 to ±0.2 V, respectively. As a result, the nonmonotonic behavior in ∆V L in Fig. 2(c) could be qualitatively reproduced for |V bias | < 0.55 V.
IV. DISCUSSION
Because our LSV devices have relatively low RA values of ∼200 Ωµm 2 [14] , we can observe local spin accumulation signals over a relatively wide V bias range compared to previous works [28, 30, 33] . Due to this advantage, the nonmonotonic behavior in ∆V L versus V bias was found, as presented in Fig. 2(c) . As described in the previous sections, the nonmonotonic variations in ∆V L can be interpreted qualitatively in terms of the intrinsic feature of the bias-dependent γ 1 γ 2 in the FM1-SC-FM2 LSV devices. For comparison, we also show ∆V L as a function of V bias for device C in Fig. 6(a) , where device C was an LSV device with CFAS contacts annealed at 300 • C. Note that the features of the plot of ∆V L versus V bias are markedly changed and the sign inversion of ∆V L disappears, which is very different from Fig. 2(c) .
To discuss the above variations after annealing, ∆V NL as a function of V int1 and V int2 for device C was also measured, shown in Fig. 6(b) . Compared to Fig. 4(a) ,
Normalized γ the asymmetry with respect to V int1 , V int2 = 0 is relatively small for each FM/SC contact, and the magnitude of ∆V NL becomes small. In addition, the sign inversion of ∆V NL for V int > 0 also disappears in device C.
Here, although there was no influence of the post annealing at 300 • C on the extracted parameters, such as λ N , and the spin lifetime of the SC layer used, the degradation of the FM/SC interface quality was directly clarified by HAADF-STEM imaging [55] . This implies that the sign inversion of the FM/SC interface spin polarization in our LSV devices is associated with the quality of the FM/SC interface at least. In many other hybrid systems such as FM/GaAs [3, 63, 75, 76] and FM/h-BN/graphene [77, 78] , the sign inversion of the interface spin polarization enables modulation of the spin-related output signals. Even for such cases, some explanations, such as the presence of the resonant states [27, 63, 79] and the density of states of the FM material [72, 73] , have been discussed to explain the sign inversion of the spin polarization at FM/SC interfaces. We infer that the spin polarization at the FM/SC interfaces in our LSV devices can be inverted by applying a bias voltage. Employing the same data analysis described in Sec. III E, we can roughly obtain the plot of the normalized γ 1 γ 2 I versus (V int1 − V int2 ) for device C, as shown in the inset of Fig. 6(b) . The obtained feature is similar to that in Fig. 6(a) , implying that the data analysis is qualitatively useful. For these reasons, the nonmonotonic behavior of ∆V L in Fig. 2(c) can be understood qualitatively by considering the rapid reduction in the spin polarization of the FM/SC interfaces with increasing bias voltage, shown Because we could not obtain the wide-range temperature dependence of the local spin accumulation signals for devices A and B, we used device D with a smaller L (L ∼ 1.0 µm, RA ∼ 100 Ωµm 2 ). As shown in the inset of Fig. 7(a) , we can observe the local magnetoresistance in an SC-based LSV device with FM/SC Schottky tunnel contacts at room temperature [80] . Figure 7(a) shows ∆V L as a function of V bias up to room temperature (296 K) for device D. Note that a similar nonmonotonic behavior shown in Fig. 2(c) can be observed from 150 to 296 K, indicating the reproducibility of the nonmonotonic bias dependence of spin accumulation up to room temperature. However, the sign inversion phenomenon in ∆V L gradually disappears with increasing temperature. In our previous work [80] , it was verified that the interface spin polarization of FM/SC contacts decreases with increasing temperature. Therefore, we can conclude that the appearance of the sign inversion of ∆V L is also related to the interface spin polarization of the FM/SC contacts.
However, the origin of the salient sign inversion of ∆V L , such as for |V bias | > 0.55 V in Fig. 2(c) , could not be precisely identified. We finally reconsider the influence of the spin-drift effect in the SC channel layer [42, 74] and the nonlinear electrical spin conversion at a biased FM/SC contact [64] . As described in Sec. III C, we should take into account the presence of the spindrift effect in |V bias | > 0.55 V. The negative interface spin polarization can be enhanced by the spin-drift effect for |V bias | > 0.55 V in local two-terminal measurements. Further quantitative investigations should be conducted [74] . On the other hand, for the data in Fig. 7(a) , we discuss the influence of the nonlinear effect at a biased FM/SC contact on the local spin accumulation signals in a wide temperature range. Figure 7 (b) displays plots of ∆V 1 /∆V 2 (V bias < 0) and ∆V 2 /∆V 1 (V bias > 0) versus V bias at various temperatures, where ∆V 1 and ∆V 2 were recorded in nonlocal three-terminal measurements, as shown in Fig. 3 . Unfortunately, because of the large electrical noise, we could not show reliable data at 296 K. If the magnitude of ∆V 1 /∆V 2 (V bias < 0) or ∆V 2 /∆V 1 (V bias > 0) is equal to 1.0, the local spin accumulation signal, ∆V L , can be explained only in terms of the standard theory [39, 40] . In short, the deviation from 1.0 indicates a practical influence of the nonlinear electrical spin conversion at a FM1/SC or FM2/SC contact [64] , as discussed in Sec. III C. As can be seen in Fig. 7(b) , the nonlinear effect at the FM1/SC or FM2/SC contact on ∆V L becomes significant, apart from around V bias ∼ −2 mV. Therefore, in addition to the sign inversion of the interface spin polarization, the spin-drift effect and nonlinear electrical spin conversion at the FM1/SC or FM2/SC contact cannot be ignored when explaining the large deviation between the experimental and calculated data for |V bias | > 0.55 V in Fig. 2(c) . Further theoretical discussion is required to completely understand the nonmonotonic behavior with sign inversion in Fig. 2(c) .
V. CONCLUSION
We found extraordinary behavior of local spinaccumulation signals in FM-SC-FM LSV devices. With respect to the bias voltage applied between the two FM/SC contacts, the local spin-accumulation signal showed nonmonotonic variations including sign inversion. A part of the nonmonotonic features can be understood qualitatively by considering the rapid reduction in the spin polarization of the FM/SC interfaces. In addition to the sign inversion of the FM/SC interface spin polarization, the influence of the spin-drift effect in the SC layer and the nonlinear electrical spin conversion at a biased FM/SC contact should be considered. 
